Abstract -We characterize the third order nonlinear optical optical third-order susceptibility, X(3). Therefore, materials response of the interband transition of bulk InN and the with large X(3) are required for the fabrication of opticallyintraband transition of GaN/AlN quantum dots, both of them in controlled devices the spectral region around 1.5 gm. The applied in the next generation of optical networks. Recently, Nonlinear interactions in nitride-based materials (specially it has been shown that these devices can also be used for allGaN, InGaN and AlGaN) have also been studied. Most of optical light speed control (the so-called slow and fast light these studies focus on valence to conduction band (interband) phenomena) [3,4]. From the material viewpoint, the optical transitions in the visible and ultraviolet regions of the parameter responsible of these nonlinear properties is the electromagnetic spectrum. The recent progress in the 1 -4244-0830-X/07/$20.OO ©2007 IEEE.
frbthe Cobad f optifiers arounde1. ain,bwer multiplexed (WDM) transmission. Considering the temporal erbilum-doped fiber amplifiers (EDFAs) are widely available.
behavior of the nonlinear response, InN seems particularly
Highly nonlinear fibers and waveguides have been used for useful in all-optical control of light speed (slow-light generation), nonlinear interactions in this spectral region. However, due to whereas GaN/AlN quantum dots are promising for switching the low values of their nonlinear coefficient, these solutions and wavelength conversion applications.
often require very long interaction distances (even kilometers in the case of nonlinear fibers) or very high power levels Keywords -photonic signal processing, four-wave mixing, Kerr [2,3], which makes them cumbersome for a real system effects, third-order susceptibility, nitride-based devices.
implementation. An interesting alternative comes through the use of semiconductors. Working in resonance conditions, the nonlinear coefficient can be extremely enhanced, requiring I. INTRODUCTION interaction distances of less than 1 mm for mW-level signals.
Besides, the semiconductor resonance wavelength can be Semiconductor third-order nonlinear optical phenomena tuned by band-gap engineering. These properties have made -like nonlinear absorption, self-and cross-phase modulation, semiconductor-based devices the most interesting alternative self-and gross-gain modulation, and four-wave mixing for all-optical signal processing applications [5] . In particular, (FWM)-have direct applications in all-optical control of data an important effort on the development of InGaAs and streams in fiber-optic networks [1, 2] . These effects are the InGaAsP-based nonlinear optical devices at 1.5 gm has been basis of all-optical switches and wavelength converters, to be performed in the last years. applied in the next generation of optical networks. Recently, Nonlinear interactions in nitride-based materials (specially it has been shown that these devices can also be used for allGaN, InGaN and AlGaN) have also been studied. Most of optical light speed control (the so-called slow and fast light these studies focus on valence to conduction band (interband) phenomena) [3, 4] . From the material viewpoint, the optical transitions in the visible and ultraviolet regions of the parameter responsible of these nonlinear properties is the electromagnetic spectrum. The recent progress in the synthesis of InN -semiconductor with a direct bandgap II. EXPERIMENTAL RESULTS around 0.65-0.7 eV (close to 1.5 tmi)-has opened new perspectives for nitride materials in the near-infrared (NIR) wavelength range. However, there is little information about A. Growth conditions the nonlinear third-order susceptibility of this material.
Another approach to extend nitride optoelectronics The InN samples investigated in this work were grown on towards the NIR consist in using intraband transitions in Si(ll) and on 10-ptm-thick non-intentionally-doped (nid) quantum wells or quantum dots [6, 7] , profiting from the large GaN-on-sapphire templates by plasma-assisted molecular conduction band offset (-1.8 eV) in the GaN/AlN system. beam epitaxy (PAMBE). In-situ growth monitoring was Intraband transitions have found direct application in performed by Reflection High Energy Electron Diffraction quantum cascade lasers [8] and quantum well infrared (RHEED).
photodetectors (QWIPs) [9] . Rosencher wavelength range of 1100-2550 nm were studied at room Section III. Finally, Section IV will expound the conclusions temperature transmission measurements at normal incidence of this study.
using a Perkin-Elmer Lambda 9 scanning spectrophotometer. The nonlinear optical characterization was performed by the DFWM technique in the forward configuration (boxcars) [15] using as excitation source an optical parametric amplifier (OPA) providing 100 fs pulses, tunable in the 300-3000 nm interval, at a repetition rate of 1 kllz. In the DFWM measurements the conjugated beam intensity I, is plotted respectively, and considering the absorption of these layers versus the pump intensity I'p to obtain the coefficient c of the negligible.
relationship Ic=cI,j. The third order susceptibility of the samples, IX(3),1 is then obtained using Eq. (1), which relates [17] to obtain values of thickness, estimated from these decay curves is of 0.8 ps for the InN ordinary refractive index no(2), and absorption coefficient sample grown on Si(111), which shows a lower bandgap a(A) of the InN layer. First order Sellmeier dispersion energy. This lifetime is attributed to relaxation of hot carriers formulas were considered for index refraction in the from higher energy states to lower energy states [21 ] . transparency region [18] . Further, a sigmoidal approximation Lifetime estimated for InN sample grown on GaN-template, was used for a('2L) for both samples [19] . The amplifier, used to obtain room temperature slow andfast light susceptibility measurements around 1500 nm. Table I [22]. In this case, the obtained lifetime is attributed to a nonsummarizes the linear optical estimations performed for 1500 radiative recombination mechanism, related to the defects nmaple(oth ae 3) caclain Rerctv inexo responsible of the free carrier concentration of the layers, in GaN and AlN was estimated about 2.23 and 1.75 at 1500 nm the range ofA10' cm3 [23] .
sample should be below this value. This result is consistent 1E-4 , with the subpicosecond intersubband recombination times InN/Si(;11); X -1650 nm measured in GaN quantum well structures [26, 27, 28] . III.
SLOW-LIGHT IN INDIUM NITRIDE: ESTIMATION OF
In order to measure the NIR absorption spectrum, the SLOW-DOWN FACTORS sample was mechanically polished to form a 450 multipass waveguide with five total internal reflections. The NIR The nonlinear absorption coefficient was obtained for the absorption for p-and s-polarized light was measured at room InN samples using the following equation [28] : temperature using a Fourier transform infrared (FTIR) spectrometer and a deuterated triglycine sulfate (DGTS) 3v Im ( 3) photodetector. For p-polarized light, we observe a Gaussian template, respectively, while vo is the resonance frequency, of Inset of Fig. 4 shows the conJugated-signal intensity as a 200 TTTz. Leffis calculated using Lejjf (1-e~Z) or] and accounts function of the induced delay time [25] fig. 5a . the excitation wavelength for a pump intensity of 3 GW/Cm2, and taking into account the linear absorption of the layer. 0 < Simulations performed show that this slow-down factor could -so50~\/~be increased three or more orders of magnitude by using quantum well structures since in these structures the values of E /3) and r are two or three orders of magnitude larger than in C) -150 '\ / the bulk material [31, 32] . This would open the possibility of using InN-based heterostructures for slow-light applications. 
